Solar wind plasma flow with interplanetary magnetic field (IMF) and the thrust of the magnetic sail are examined by time-dependent, two-dimensional, X-Y Cartesian, hybrid particle-in-cell (PIC) simulations. The hybrid-PIC simulation model is that the ions are treated kinetically as particles and the electrons are modeled as an inertia-less (mass-less) fluid. In this simulation, the real solar wind parameters around a near-earth orbit are used. The direction and strength of IMF are set to +Y direction which is perpendicular to the solar wind flow (+X direction) and 3 nT. Expressed in rL/L (the ratio of an ion Larmor radius rL of the solar wind at the magnetopause to a representative length of magnetic field L), when rL/L = 0.1 (in the case of MHD scale), magnetopause is formed accompanied by a fast magnetosonic bow shock. When rL/L = 2.0 (in the case of ion inertial scale), the electromagnetic interaction results in the formation of a magnetosphere with standing whistler waves. The drag coefficients, which is the thrust normalized by the solar wind inertial force, of both scales with IMF tend to increase compared with the cases without IMF because the incoming IMF accompanied by the solar wind piles up at upstream of the spacecraft. Also, on the ion inertial scale, the generation mechanism of Whistler wave and the influence of that on the thrust performance are revealed. 
Introduction
Magnetic Sail is an advanced space propulsion system 1) which uses the interaction between an artificial magnetosphere around a spacecraft and solar wind plasmas. The solar wind momentum transferred to magnetosphere, which results in a drag force exerted on the spacecraft. Recently, the Mini-Magnetospheric Plasma Propulsion (M2P2) 2) , which is also called Magneto-Plasma Sail (MPS) 3) , is proposed by Winglee et al. as a derivative system from Magnetic Sail. In the concept of M2P2 and MPS, the original magnetic field attached to a spacecraft is expanded by the injection of artificial plasmas from the spacecraft to form finally a huge magnetosphere. Such propulsion systems which use the solar wind energy are expected to achieve high energy conversion efficiency compared with conventional electric propulsion systems and many feasibility studies have been conducted. Fujita 4) revealed that the drag (thrust) force of a magnetic sail, which is exerted on the spacecraft from the solar wind, is characterized by the ratio of an ion Larmor radius of the solar wind at the magnetopause r L to a representative length of magnetic field L. Figure 1 shows the schematic view of typical ion particle motions due to the difference in r L /L. On the magnetohydrodynamic (MHD) scale (r L /L << 1), the ion particles incident on the magnetopause are reflected back to the solar wind and the corresponding momentum change of ion particles turn into the drag force of the spacecraft as shown in Fig.1 . On the other hand, on the ion inertial scale (r L /L >> 1), the electromagnetic interactions of ion particles with magnetic field become weak compared with the case of MHD scale and the ion kinetic effect becomes dominant. Consequently, the thrust performance of magnetic sail decreases on the ion inertial scale. In the propulsion system of Magnetic Sail, at least the magnetospheric size of the ion inertial scale or more is needed to obtain significant thrust level to propel a spacecraft. Therefore, kinetic approaches which address the small-scale physical mechanism must be used to simulate the magnetic sail with such small magnetosphere of the ion inertial scale. Full particle-in-cell (PIC) plasma simulations 5) , in which both electrons and ions are treated as particles, are widely used in space plasma science and engineering although the computational load is high. More practically, to perform a quantitative assessment of the ion kinetic effect on the ion inertial scaled magnetic sails, plasma flow fields around the spacecraft are solved by the hybrid-PIC simulation 6, 7) in this study. The solar wind 8) is a magnetized plasma flow with Interplanetary Magnetic Field (IMF) ejected from the upper atmosphere of the Sun. It mostly consists of electrons and protons with energies usually between 10 and 100 keV. The physical conditions temporary varies in the density, temperature, flow velocity, flow direction and strength of magnetic field over time. Figure 2 shows the schematic model of the interaction between geomagnetosphere and solar wind with northward IMF suggested by Dungey 8) . The IMF causes a large change in the shape and structure of a magnetosphere although its strength is only several nT around near-earth and its magnetic pressure is much lower than dynamic pressure of solar wind. In particular, the magnetic reconnection occurs and drastically changes in the solar wind flow field. The interaction between Magnetic Sail and the solar wind with IMF could be regarded as similar physical phenomena as mentioned above while magnetospheric size is different from the geomagnetophere. In the case of Magnetic Sail, the change of magnetospheric configuration due to applied IMF may result in changes of thrust performance and attitude of the spacecraft. To examine the influence of IMF on the performance of magnetic sail, two-dimensional, Cartesian coordinates, MHD simulations have been conducted by Nishida et al 9) . As results, the thrust performance and attitude of spacecraft depend on the IMF strength and direction because flow fields around the spacecraft are changed by the generation of magnetic reconnection. MHD simulations are suitable for MHD scale in which the characteristic length is much larger than the scale of ion kinetic motion. On the other hand, on the ion inertial scale, the influence of IMF has not yet been fully revealed.
Based on the above, the purpose of this study is to clarify the solar wind flow field with IMF and thrust of magnetic sails under the conditions from the MHD to ion inertial scale by using time-dependent, two-dimensional, Cartesian coordinates, hybrid-PIC simulations. In particular, we focus on the interaction of magnetopause with IMF.
Numerical Methods

Governing equations
The solar wind flows and the electromagnetic fields are calculated numerically by the hybrid-PIC model 6, 7) . In this model, electrons are treated as a continuum mass-less fluid, while kinetic motion of ions is solved in terms of sample particles. Since details of the hybrid PIC model can be found in the reference papers 6, 7) , only a brief description is given as following. As a primary assumption in this model, the intended plasmas are assumed to be fully ionized and consist of electrons and protons without inter-nuclear collisions since the solar wind is highly rarefied. Kinetic motion of each proton is expressed by the equations of motion as
The momentum conservation for the electron fluid is approximated by
In this model, motion of the electron fluid is assumed to be isentropic. The physical phenomena like anomalous resistivity, etc. are not included for simplicity. Consequently, the equation for electron energy conservation is simplified to an isentropic relation between the pressure and the density as below Maxwell's equations describing the electromagnetic field are reduced based on the Darwin approximation and the quasi-neutrality condition (in other words, typical Alfven velocity in the system is assumed to be lower than light speed), as
(8) Here, the relation of induced and applied magnetic field is introduced (B = B p + B d ) in Eqs. (5) and (6) . And the definition of current density is introduced in Eq. (6) . Combination of Eqs.(3), (6) and (7) with elimination of N e and V e yields an explicit expression for the electric field as the generalized Ohm's law
And then, the magnetic induction equation is given by substituting Eq. (9) to Eq.(5).
( )
That is, the momentum equations of ions in Eqs. (1) and (2) and the magnetic induction equation in Eq.(10) are mainly solved simultaneously in the hybrid-PIC model. This simulation model neglect the physical phenomena on time and space scale associated with electrons (for example, plasma oscillation, cyclotron motion of electrons and so on) and can adjust to the scale of ion motion by the following two assumptions: (1) the electrons are assumed to be mass-less fluid and (2) typical Alfven velocity in the system is assumed to be lower than light speed. particles at time n, velocities of ion particles at time n + 1/2, and the electric and magnetic field at time n. In step.1, positions of ion particles are updated from time n to n + 1/2 and n + 1 by Eq.(1). In step.2 ion density and fluid velocity are calculated from positions and velocities of ion particles by particle-in-cell method. In step.3 magnetic field is updated by solving the magnetic induction equation of Eq.(10) while ion density and ion fluid velocity are fixed in time, and then electric field is calculated from updated magnetic field by Eq. (9) . Here, the upwind Total Variation Diminishing (TVD) scheme suggested by Harten and Yee 10) is used for the estimation of convection term in Eq. (10), and sub-cycling time-step 11) is used in the update of magnetic field. The projection scheme 12 ) is adopted to treat numerical error in divB. Finally, in step.4, velocities of ion particles are updated by Boris algorithm in Eq.(2). Here, note that Eqs. (9) and (10) may fail when particle densities are zero in the absence of a sample particle in this algorithm. For such a situation, the cold plasma particles are set to the background. Figure 4 and Table 1 show the computational domain and working conditions used in this study, respectively. These values are based on the real solar wind parameters around a Table.1. near-earth orbit. The scale parameters are set to two scales: the MHD scale (r L /L = 0.1) and the ion inertial scale (r L /L = 2.0). The hybrid simulation described here is two-dimensional in space, while all three components of the electromagnetic fields and ion velocities are retained. Due to the 2-D nature of the calculations, the magnetic field of coil on-board the spacecraft is represented by a line-dipole suitable for each r L /L condition, which is placed at the center of computational domain. Initially, the proton particles are defined in the entire computational domain of a random location with Maxwell velocity distributions and are injected continuously from the left boundary. This plasma is allowed to leave the system from all three remaining boundaries. The IMF is in X-Y plane making 90 degree with the X-axis (+Y direction). The induced magnetic field due to the IMF is set to 3 nT at the X = 0 boundary. The remaining three boundaries have open boundary conditions in order to allow various waves and disturbances to leave the system. The choice of time step varies from run to run depending on the solar wind conditions and the local magnetic field strength. Note that grid step size dx is in units of the ion inertial length c/ω pi of solar wind (= 100 km). Table. 1. The magnetic field strength is normalized by the strength at the balance point between the dynamic pressure of solar wind and the magnetic pressure of magnetosphere Bc = 40 nT. In the case without IMF (Fig.5(a) ), magnetic field lines are swept downstream because the solar wind plasma is regarded as "frozen-in condition". Generally, in a perfect conductor, the total magnetic flux through any surface is a constant. In a solar wind plasma flow which is nearly perfectly conducting, the magnetic flux through the relevant surfaces moves with the flow. That is, the plasma flow deforms the magnetic field. The magnetic field is said to be 'frozen into' the plasma in such a situation. This is also known 'frozen-in condition'. Also, the low density region appears at downstream of the dipole (at the region of X = 100 -200, Y = 120 -180). This is because the ion particles of solar wind incident on the magnetopause are reflected back to the solar wind. In this case, a standing shock wave cannot be observed although the ion number density slightly increase around the magnetosphere (at the region of X = 60 -140, Y = 100 -200). On the other hand, in the case with +Y direction IMF of 3 nT, the flow field changes significantly compared to the case without IMF as shown in Fig.5(b) . The mean-free path of the solar wind plasma is approximately 1 AU (Astronomical Unit = 1.5 ×10 11 m, which is appropriately the mean Earth-Sun distance). Such plasmas are said to 'collision-less plasmas'. In the collision-less plasmas, the relaxation processes originated from particle collisions are not included essentially. Therefore, in order to form the shock wave in the collision-less plasma flow, the electromagnetic interaction of solar wind and magnetosphere has to be mediated by IMF. The interaction Table. 1. results in the formation of a fast magnetosonic bow wave standing upstream of the dipole. The bow shock is associated with an increase in the density (and magnetic field strength) at upstream of the dipole. This electromagnetic interaction is strong enough for solar wind to tend to stagnant in front of the dipole.
Numerical procedures
Computational domain and working conditions
Numerical Results and
To further illustrate the variation of plasma and field properties, Figure 6 shows the x component of ion flow velocity, ion number density and induced magnetic field strength along the line labeled "L1" in Fig.5(b) . Here the ion flow velocity and ion number density are in units of these at upstream of solar wind and the induced magnetic field strength is in units of that at the pressure balance point between dynamic pressure of solar wind and magnetic pressure of dipole (B c = 40 nT). The notations "FW" and "SW" correspond to the shock wave due to the fast magnetosonic wave and the wake due to the slow magnetosonic wave in the flow field, respectively. Sharp changes in plasma and field parameters can be observed across not only the fast magnetosonic bow wave at Y = 20, 280 but also the slow magnetosonic wake at Y = 140 -160 in Fig.6 . Typically the Fig. 8 . Distributions of the x component of ion flow velocity, ion number density and induced magnetic field strength along the L2 line in Fig. 7(b) . Here, flow velocity and number density are normalized by the solar wind parameters at upstream Vc and Nc in Table. 1. The magnetic field strength is normalized by the strength at the balance point between the dynamic pressure of solar wind and the magnetic pressure of magnetosphere Bc = 40 nT. difference in these magnetosonic waves is attributed to the phase difference between the variation of magnetic pressure and that of plasma pressure. At the lines labeled as 'FW' in Fig.6 , the increase (or decrease) in the magnetic field strength and the number density is in-phase astride the lines. On the other hand, at the lines labeled as 'SW', the increase (or decrease) in the magnetic field strength and the number density is out-phase astride the lines although there is difficulty in viewing the variation of number density clearly. In fact, such magnetosonic waves can also be seen in the interaction between a dipole moment and a solar wind 14) . By the formation of these magnetosonic waves, the fast bow wave results in deceleration, compression of the incident solar wind and the slow wake bounds faster plasma in the central tail. Figure 7 shows the distributions of ion number density and magnetic field line for r L /L = 2.0 (ion inertial scale) at ω ci t = 15. Figure.7 (a) is the case without IMF and (b) is the case with +Y direction IMF of 3 nT, respectively. On the ion inertial scale, solar wind plasmas tend to penetrate into the magnetic field for r L /L > 1 because the ion kinetic effect is no longer ignored as mentioned in Introduction. Therefore, on this scale, the 'frozen-in condition' tends to be not realized compared with the case of r L /L = 0.1. That is, the magnetic field tends to maintain the configuration of original dipole field on the ion inertial scale. Similar to the case of r L /L = 0.1, the flow field with IMF changes drastically as shown in Fig.7(b) compared to the case without IMF. In particular, the important difference is that the fluctuation of magnetic field lines can be observed. This fluctuation appears with no change in the solar wind density (and velocity). Figure 8 shows the x component of ion flow velocity, ion number density and induced magnetic field strength along the line labeled "L2" in Fig.7 of the upstream waves may be consistent with a whistler mode. Whistler wave, which propagates parallel to the magnetic field, differs significantly from the MHD waves because of the dispersive properties of the waves that carry the perturbations form the source into the magnetized plasma. Unlike a standing wave mediated by Alfven waves or fast waves, whistler waves are dispersive and propagate at different speeds for different wavelengths and angles with respect to the magnetic field. Generally, the frequency and wavelength of the whistler wave are higher and shorter than those of ion gyrations so that ion particles cannot respond to the whistler wave.
Flow field for r L /L = 2.0 (ion inertial scale)
Time evolution of drag coefficient
Figures 9 and 10 show the time evolution of drag coefficient for r L /L = 0.1 and 2.0, respectively. Here the drag coefficient C D is the drag (thrust) force normalized by the inertial force of the solar wind as follows. However, under the cases with IMF, those are drastically increased over time on both scales as shown in these figures. This is because the IMF essentially and strongly tends to pile up at upstream of the spacecraft in the present two-dimensional simulations compared to three-dimensional simulations. That is, in the present simulations, the solar wind plasma and IMF cannot move toward Z direction (depth direction) because physical values along Z direction are constant. Also, the direction of dipole field at upstream and the direction of IMF accompanied by the solar wind are same as +Y direction as shown in Fig.2 . In such cases, the magnetic field at upstream of the dipole moment never cancels each other out between the incoming IMF and the stationary dipole field so that the IMF tend to pile up at upstream after all. The pile-up of the IMF eventually results in the expansion of magnetopause and the increase in drag coefficient over time.
Unfortunately, it cannot be observed whether the increase in drag coefficient saturate or not versus time in this simulation. Although the drag coefficient of magnetic sail should be examined by three-dimensional simulations for more details, the influence of IMF on the drag coefficient cannot be ignored on the thrust system of magnetic sail.
Influence of whistler wave on thrust in ion inertial scale
In order to confirm that the fluctuation of magnetic field lines are due to the whistler mode, the approximate solution of magnetic induction equation for the case with flow perpendicular to the magnetic field solved by the linear perturbation theory 13) is shown as follows. The solution has the same phase relation (parabolic curves) as that obtained from one-dimensional analysis. The detail analytic procedures for Eq.(12) are discussed in Ref. 13 . These equations indicate the perturbation of magnetic field when the disturbance source is moving perpendicular to the uniform magnetic field B y in stationary medium. Figure.11 shows the distributions of the x component of magnetic field strength: Top side is the result of numerical simulation and bottom side is the analytical solution of the linear perturbation theory. In this figure, the structures of magnetic field for analytical solution at Y = -8 --4 c/ω pi are good agreement with the numerical simulation result at Y = 4 -8 c/ω pi although those at the center line Y = 0 are obviously different. As a result of this comparison, it is found that the generation mechanism of the whistler wave is as shown in Fig.12 . In the interaction between the solar wind and the magnetosphere, the disturbance source is generated by some microscopic instability associated with the motion of ions and electrons in front of the magnetopause. The whistler wave induced from Table. 1. The magnetic field strength is normalized by the strength at the balance point between the dynamic pressure of solar wind and the magnetic pressure of magnetosphere Bc = 40 nT. The right figures correspond to each situation. the source tends to propagate parallel to the IMF. Furthermore, the wave rides on the solar wind flow. Therefore the propagation direction of the whistler wave becomes like red arrows as shown in Fig.12 . In fact, such a whistler wave can also be seen in the interaction between small dipole moment or magnetized asteroid and solar wind [13] [14] [15] . According to the magnetohydrodynamic simulations by Nishida et al 16) , Lorentz force acting on the magnetic sail is induced by the interaction between the magnetic field on the coil generated by the magnetopause current and the coil current. Figure.13 shows the distributions of the z component of induced current density for r L /L = 2.0 at ω ci t = 15: Top side is the case with +Y direction IMF of 3 nT and bottom side is the case without IMF. In this figure, the amount of magnetopause current in the case with IMF increases compared to that in the case without IMF. As mentioned in Sec.3.3, the solar wind with IMF continues to pile up at upstream of the dipole so that the magnetopause current and drag coefficient (as shown in Fig.10 ) increases compared to the case without IMF. Also, in the case with IMF in Fig.13 , Table. 1.
the induced current associated with whistler wave (region inside the red dashed line) is significantly lower than the magnetopause current. Therefore the thrust on the ion inertial scale depend mainly on not the induced current associated with the whistler wave but the magnetopause current. In other words, the momentum change of solar wind plasma mainly occurs at the place where the magnetopause current is induced. In fact, there is no obvious influence of whistler wave on the drag coefficient for r L /L = 2.0 (Fig.10) in this simulation. This may be because the frequency and wavelength of whistler wave are higher and shorter than these of ion gyrations. Namely, the ion particles cannot respond to the variation of whistler wave (see also Fig.7(b) ) so that there is no obvious influence for the thrust of magnetic sail.
Summary
The solar wind flow perpendicular to the interplanetary magnetic field (+Y direction) and the thrust of a magnetic sail are examined by time-dependent, two-dimensional, X-Y Cartesian, hybrid particle-in-cell (PIC) simulations. The ratio of an ion Larmor radius r L of the solar wind at the magnetopause to a representative length of magnetic field L (r L /L) is set to two cases: the MHD scale (r L /L = 0.1) and the ion inertial scale (r L /L = 2.0). 1) The solar wind flow fields with IMF are drastically changed compared to that without IMF on both scales. In the case of MHD scale (r L /L = 0.1), magnetopause is formed accompanied by a fast magnetosonic bow shock. On the other hand, in the case of ion inertial scale (r L /L = 2.0), the electromagnetic interaction results in the formation of a magnetosphere with standing whistler waves.
2) The drag coefficients, which is the thrust normalized by the solar wind inertial force, are approximately 1.5 and 1.0 in the case of r L /L = 0.1 and 2.0 without IMF. On the other hand, the drag coefficients of both scales with IMF tend to increase compared with the cases without IMF because the incoming IMF accompanied by the solar wind piles up at upstream of the spacecraft. In order to investigate the further detail of the thrust performance, we need to carry out three-dimensional simulations. 3) On the ion inertial scale (r L /L = 2.0), there is no obvious influence of whistler wave on the drag coefficient. This means that ion particles cannot respond to the whistler wave which has shorter wavelength and higher frequency than those of ion gyrations.
